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Introduction
Machining of austenitic stainless steels is considered to be difficult. The high plastic deformations introduced by turning generate large amounts of heat in the cutting zone, which can modify the characteristics of the tool and machined material [1] [2] [3] [4] [5] [6] . Turning introduces on the surface of the workpiece a residual stress gradient that is critical for the components life, its fatigue behaviour, and corrosion resistance. The residual stress profile is the result of mechanical, thermal and metallurgical effects, which are governed by the cutting parameters, the characteristics of the workpiece and the tool. In turning, the generation mechanisms of the residual stresses are very complex and generally result from a coupling between thermal, mechanical and metallurgical effects intervening in the cutting zone during the generation of the chips [7] [8] [9] [10] [11] [12] [13] . It is thus necessary to know the gradient of residual stresses after machining. The study of these gradients makes it possible to characterize the surface integrity.
M'Saoubi et al. [1] examined the effect on residual stresses induced by dry orthogonal turning of AISI 316L steels for different cutting conditions, tool geometries and tool coatings. They conclude that for all tests, at the extreme surface of the workpiece, machining produces a high tensile stress, associated with a high degree of hardening. They showed that tension affected by tensile stress decreases with cutting speed, but increases for high feed rate values. In 2005, Capello [2] presented a relationship between the turning parameters and the residual stresses. In his contributions, the effects of feed rate and tool nose radius were reported to have an influence on residual stresses in the workpiece surface. His work's is interesting in the sense that it proposes a simple regression model, which can be used in the selection of the process parameter that will generate the desired residual stress state. Similarly, Rech and Moisan [3] studied the influence of feed rate, cutting speed and tool wear on the surface integrity induced by hard turning of 27MnCr5 steels. They concluded that the cutting speed is the dominant factor that influences the residual stress level. These results were also showed by Jacobson et al. [4] and Dahlman et al. [5] for hard turning of bainite steels. The existence of a white layer in hard turning and its relation to surface residual stresses was found by Schwach and Guo [6] ; they determined the feasibility of producing distinct type of surface integrity by the process design (turning of AISI 52100 with a hardness of 61 HRc). These pioneering studies help us identify the surface integrity created by hard turning; operations favourable surface integrity for improving fatigue life can be produced using small feeds and sharp cutting tools. Decreasing the feed makes surface residual stress more compressive and the maximum compressive residual stresses shallower in the subsurface. A white layer is primarily associated with tensile surface residual stresses.
Austenitic stainless steels find extensive applications, thanks to their excellent physical and metallurgical properties. Unfortunately these same properties result in relatively poor machinability. Hence the machining of these materials requires the use of new processes that make it possible to break chips to improve the tool life and the quality of surface machining. High-Pressure Water Jet Assisted Turning (HPWJAT) is one of the main methods used for these purposes. Some studies have shown that the application of a high-pressure water jet to the tool-chip interface leads to control of the chip shapes [14, 15] . With this process, it is a question of not only lubricating the cutting zone but also directing a high-pressure water jet between the tool and the chip to create a hydraulic corner. This improves chip breakage, increases tool life and improves the machined surface quality. Dahlman and Escursell [15] conclude that the use of ultra-high pressure cooling improved significantly the chip control compared to dry machining, especially when wiper insert geometry is used. Also, they observed that the surface roughness value (surface topography) seems to decrease by about 80% when ultra-high pressure cooling is retained.
Avila and Abrao [16] studied tool life, surface finish, tool wear mechanisms and chip shapes obtained in turning of AISI 4340 steel (49 HRC) using different cutting fluids. Viera et al. [17] examined tool life, power consumption and surface roughness during face milling. They concluded that dry machining produces a slightly better finish surface than machining using a cutting fluid ad that the cutting fluids reduce the tool-chip interface temperature compared to dry cutting. According to [16] , the use of a cutting fluid based on an emulsion without mineral oil results in longer tool life compared to dry cutting. When finish cutting at high cutting speeds, the use of cutting fluid is responsible for reducing the scatter in surface roughness values. Kovacevic et al. [18] have explored the influence of a high-pressure water jet delivered to tool-chip interface in two different ways: (1) water jet injected directly into the tool-chip interface through a hole in the tool rake face and (2) water jet injected into the tool-chip interface through an external nozzle. They observed a drastic reduction in the cutting forces required to remove material from the workpiece when a high-pressure water jet is used. Also, the surface finish obtained for both methods of jet application was much better than that obtained using flood cooling. For the case where the high-pressure water jet was delivered through an external nozzle, the tool-chip contact area is reduced by the fragmentation of the chip. The decrease in cutting force is accompanied by an improvement in tool life, surface finish and chip shape. Hence, the use of a high-pressure water jet as a coolant/lubricant leads to an improvement in the metal removal rate and consequently improves the efficiency of rotary tool operations, especially in the case of difficult-to-machine materials. The effects of high and ultra-high pressure water jets directed into the tool-chip interface on tool temperature, cutting forces, [19] in regular turning operations. The results show a significant reduction in the edge temperature of about 40 745%. This author concluded that the water jet can be used to obtain good heat dissipation, to control the chip forming process and finally to change the cutting process by changing the frictional conditions and thus the shear plane angle. The simulation of high-pressure water jet assisted orthogonal metal cutting has been carried out by Shet et al. [20] . In this study, water is injected directly into the tool-chip interface through a small hole on the rake face of the tool. Simulation shows a fall in temperature, cutting force and residual stresses for water jet assisted cutting conditions. Indeed, in spite of a great number of studies relating to machining, little of them treats high-pressure water jet assisted turning methods and their effect on residual stresses. In this study, the effect of high-pressure water jet assisted turning (HPWJAT) on residual stresses is investigated and the analysis of the physical mechanisms intervening in the generation of the chip and on the surface of machined workpiece is carried out.
Experimental procedure
Face turning experiments were conducted on a numerically controlled lathe (RAMO RACN20). Cylinders of austenitic stainless steel (AISI 316L) with a diameter of 110 mm were selected for the study. The chemical composition of this material is presented in Table 1 .
Machining tests were conducted at 80 and 150 m/min cutting speeds, at a constant feed rate of 0.1 mm/rev and with a constant cutting depth of 1 mm. Experiments were carried out under dry turning conditions and with high-pressure jet assisted turning (HPWJAT). The jet was composed of 95% of water and 5% of soluble oil. Three jet pressures were used: 20, 50 and 80 MPa. An external high-pressure pump was used to provide high jet pressure (jet flow ¼6.6 l/min). A standard orifice of 0.6 mm in diameter was fixed on the tool holder. The jet was directed into the tool-chip interface as shown in Fig. 1 .
The use of high-pressure water jet in the lathe imposes an additional protection of the doors, the slides and the pin. Against the water and chips infiltrations, the protection of the slides, the longitudinal and the transversal carriages were reinforced by the installation of bellows and stainless sheet scales. The bellows allow easy drainage of water and chips. Concerning the exhaust of the oil and water vapours, a rubber gasket was stuck to the lathe doors. To protect the pin and the bearings to the high-pressure aggressions, housing was set up making it possible to limit the water infiltrations without obstruction for the movement and disassembling of the chuck, the workpiece and the accessibility for various workpiece diameters.
The high-pressure water jet is powerful enough to be rectilinear to the cutting tool. The positioning of the jet impact point is carried out by rotation of the orifice fixed on the tool holder ( Fig. 1 ) and wedges height adjustment (compared to the tool reference plan). The orifice fixation is assured by a screw.
To determine the jet position, several impact points were studied. Tests were carried out to understand their effect, in turning, on the chips fragmentation and their evacuation. Three impact points were studied. The result showed that displacement of some millimetres changed considerably the chips shape and influenced the tool degradation. These tests were carried out at a cutting speed of 80 m/min, a feed rate of 0.3 mm/rev and a jet pressure of 100 MPa. It was observed that 1. Directing high-pressure water jet on the chip gives a disappointing result. A premature rupture of the cutting tool is observed and the chips obtained were not fragmented. 2. If the water jet is directed on the workpiece, it was noted that this configuration causes, by erosion, a degradation of machined surface, which generates a poor surface quality.
The surface roughness to be increased by more than 50%, compared to the case where the jet is directed on the chip. It was concluded that it is necessary to limit the direct contacts of the high-pressure jet on the workpiece to avoid this degradation. Also, in this case the chip is not fragmented, and does not allow avoiding the phenomenon of adherent chip. However, this orientation makes it possible to evacuate the chips (no chip impact on the surface workpiece). 3. The chips were perfectly fragmented; the tool wear decrease and a good surface roughness are obtained when the highpressure jet is directed into the tool-chip interface. The cutting tool was well preserved and without the presence of adherent chip. This configuration gives satisfaction and it was retained for our study.
An uncoated carbide grade tool insert was chosen for all tests. The insert reference is TCMW16T304 H13A from Sandvik. This tool is not specifically meant for the machining of austenitic stainless steels. The objective is to obtain a bad machining, which produces long chips and then to find a solution to fragment it using high pressure jet assistance.
During the experiments, all chips were collected, polished and etched with a Fry4 solution to observe the microstructure using an optical microscope and a scanning electronic microscope. Comparison in terms of their shape has been made.
Residual stresses and work hardening, which depend on the cutting speed and jet pressure, were investigated. The residual stress profile and mean X-ray diffraction peak width profile have been analysed using a portable X-ray diffractometer from Proto-XRD, and successively removing the surface layer of the workpiece by electropolishing. The depth error measurement is 10-20 mm.
The stresses were analysed in longitudinal s xx and transversal directions s yy (see Fig. 2 ). The parameters used to measure the stresses are given in Table 2 .
Water jet Orifice
Tool holder The X-ray source is a Mn anode. The residual stress is calculated by
To study the variations in the distance between atomic layers (d hkl ), which is indicative of the elastic strain of the crystal, we chose the family of atomic planes {3 1 1} in (g) iron. The elasticity constants taken are 1/2 S 2 ¼6.531 Â 10 À 6 MPa À 1 and S 1 ¼ À1.429 Â 10 À 6 MPa À 1 . Acquisition is done with two detectors (o fitting) the angles returned are in b for acquisition durations of 20 s for each b ( À 304b 430).
Results and discussions

Chip morphology
Dry turning
The different chip shapes obtained in dry turning for the different test conditions are presented in Fig. 3 . It can be concluded that using dry turning, chips were not broken at cutting speeds of 80 and 150 m/min. Fig. 4 shows the typical chip microstructure obtained for cutting speed of V c ¼150 m/min and feed rate of f¼0.1 mm/rev by dry turning.
High-pressure jet assisted turning
An example of different chip shapes obtained in HPWJAT for the different test conditions (V c ¼ 150 m/min, f¼0.1 mm/rev, a p ¼1 mm and jet pressure P¼50 and 80 MPa) are presented in Fig. 5 . It was noted that jet pressure has a strong influence on chip geometry. Fig. 6 shows an example of the chip microstructure obtained using HPWJAT for cutting speed V c ¼150 m/min, a p ¼1 mm and feed rate of f¼0.1 mm/rev at jet pressure values of 50 MPa.
Discussion of the chip morphology
It is observed that when using dry turning, the chips were curled and not broken (Fig. 3) . The austenitic stainless steel tends to harden during the cutting to form a long chip.
With the same parameters in HPWJAT, good chip control was provided ( Fig. 5 ). When cutting speed was increased, only a slight elongation of chips was observed. It was seen that the introduction of a high-pressure water jet into the interface between the tool and the chip makes it possible to break the chips into the desired shape and to evacuate the chips without altering the workpiece surface.
Comparing to the chip microstructure obtained in dry turning (Fig. 4) , the chip microstructure presented in Fig. 6 shows intense shearing action in the case of HPWJAT and that the sulphide particles were very deformed in the primary (Z I ) and secondary (Z II ) shearing zones. This deformation can be explained by the action of the pressure exerted by the tool on the surface workpiece during the machining operation and it is depending to the material and the cutting conditions. During machining, the tool comes into contact with the workpiece surface and the progression of the tool causes a strong compression of the workpiece material and generates an intense shearing between the point of the tool and the surface of the workpiece. This gives rise to primary Z I shearing zone. In the friction zone between the tool and the chip, the chip undergoes a rolling, combined with a shearing, which creates a secondary Z II shearing zone. The deformations generated by these shearing actions can cause a lengthening of the grains and the deformation of sulphides and inclusions in zones Z I and Z II .
The chip microstructure (presented in Figs. 4 and 6) shows an intense shearing indicated by the big serrations. As observed by scanning electron microscope (see Fig. 7 ), comparing the dry turning ( Fig. 7a ) and the HPWJAT (Fig. 7b ), for the same parameters, the primary shear zones were very pronounced in HPWJAT, which explains the chip fragmentation in this case. When the high-pressure jet is applied, friction is reduced at the tool-chip interface due to the formation of a cushioning layer, which prevents close contact at the tool-chip interface, and consequently leads to the bending and the breakage of the chips. These experimental results highlight the advantages of the HPWJAT in terms of chip fragmentation.
Residual stresses
In this section, residual stress profiles within the depth of the workpiece are plotted for HPWJAT and dry turning for different cutting conditions. The stresses obtained were shifted by about 6 mm to correspond to the X-ray penetration on the material.
As shown in Fig. 8 , the residual stress profiles can be divided into two regions: the region closest to the surface of the workpiece (A 1 ) being affected by tensile stresses and to the compressive part. Fig. 8 shows different depth profiles obtained in the case of dry turning. In each case, the same evolution between longitudinal s xx and transversal s yy stresses can be observed. All the residual stress distributions have the same evolution. Hence, the longitudinal stress profiles are not discussed in the following. The maximum stress is located at the surface of the workpiece. The maximum value of longitudinal residual stress ranges from þ760 MPa (tension) to À 180 MPa (compression) for a cutting speed of V c ¼150 m/min, a feed rate of f¼ 0.1 mm/rev and a cutting depth of a p ¼1 mm.
Dry turning
High-pressure jet assisted turning
As shown for dry turning, the same evolution between longitudinal s xx and transversal s yy stresses (see Fig. 9 ) can be observed. When using the high-pressure jet the surface residual stress (s xx ) ranges from þ460 MPa (tension) to À 180 MPa (compression) for a cutting speed of V c ¼80 m/min and from þ600 to À 180 MPa for a cutting speed of V c ¼150 m/min ( Fig. 9 ).
Discussion of the residual stresses evolution
As presented previously, for all cases, the same evolution between longitudinal s xx and transversal s yy stresses can be observed. Hence, the transversal stress profiles are not discussed in the following. On the machined surface, tensile stress fields were obtained for each condition investigated. This has also been observed in [1, 10, 21] . This is essentially attributed to the thermal gradient, the mechanical effects and the high deformation introduced during the turning operation.
The sensitivity of the residual stress to the jet pressure is very pronounced (Fig. 10) . On the surface, the tensile stresses decrease when the jet pressure is increased. The surface residual stress ( þ460 MPa) obtained using HPWJAT at V c ¼80 m/min with a jet pressure of P¼20 MPa is much higher compared to the values obtained (þ 220 MPa) using HPWJAT at V c ¼80 m/min with a jet pressure of P¼80 MPa. An average change of approximately 100-200 MPa was observed. These results can be explained by the temperature reduction due to the use of the jet. The pressure exerted by the jet on the chip face reduces friction along the toolchip interface.
The study of the effect of cutting speed has been carried out for two cutting speed values (80 and 150 m/min) and for different jet pressures (20, 50 and 80 MPa) . The results obtained are presented in Table 3 . It is shown that when the cutting speed is increased from 80 to 150 m/min the surface longitudinal residual stress increases by approximately 200-250 MPa in dry turning as well as in HPWJAT.
When the cutting speed increases, the heat gradient introduced by the process becomes more significant, which has a tendency to produce tensile stresses at the surface. The influence of cutting speed can also be explained by the chip flow speed in the cutting zone, which increases with greater cutting speed and leads to grater heat evacuation. These results are in agreement with those obtained in [9] for the orthogonal machining of AISI 304 steels and by Capello [2] for the orthogonal turning of AISI 316L steels. Thus, it seems that the cutting speed and the use of high-pressure water jet do not have a great influence on the depth of the residual stress zone affected by tension (A 1 ), which varies between 20 and 50 mm (see Table 3 ).
Hardening (mean X-ray diffraction peak width)
The work hardening is analysed using the X-ray diffraction method. The evolution of mean X-ray diffraction peak width determines the hardening level and the depth affected by hardening in turning. Indeed, the width of the diffraction peaks is directly related to the crystallite size and lattice distortion. In a high plasticity deformed material (work hardening), the effect of the lattice distortion due to dislocations is higher than the size effect, which in the X-ray diffraction analysis cannot be properly quantified except by material without work hardening and with crystallite size inferior to 0.2 mm. In this study, the size effect is negligible compared to the material work hardening. The depth profiles of the mean X-ray diffraction peak obtained in dry turning and HPWJAT at two cutting speeds and different jet pressures are investigated in this section.
Dry turning
The mean X-ray diffraction peak width profiles within the depth of the workpiece obtained at cutting speeds of 80 m/min and 150 mm/rev, using dry turning, are illustrated in Fig. 11a and b. This figure shows that the mean X-ray diffraction peak width curves are similar.
As shown in Fig. 11a the zone representing the depth affected by hardening (A 2 ) is defined. Fig. 12 presents the mean X-ray diffraction peak width profiles within the depth of the workpiece obtained at cutting speeds of 80 m/min and 150 mm/rev in HPWJAT for different jet pressures (20, 50 and 80 MPa) . It was observed that for all cases the same evolution of mean X-ray diffraction peak width within depth can be observed.
High-pressure jet assisted turning
Discussion of the mean X-ray diffraction peak width evolution
For all the results, it was observed that the tensile stresses are associated with strong work hardening in the workpiece surface layer. The maximum mean X-ray diffraction peak width value is greater than 31. The values decrease continuously with the depth and then stabilised at 1.51 corresponding to the initial material state.
The maximum mean X-ray diffraction peak width value is greater than 31, which shows the work hardening state at the surface. Compared to the material before machining, a significant hardening on the surface after turning was observed. The influence of the jet pressure on the mean X-ray diffraction peak width at the surface of the workpiece is very strong as can be deduced from Fig. 13 and Table 4 . On the surface, work hardening decreases strongly with an increase in jet pressure.
The level of surface mean X-ray diffraction peak width obtained using dry turning at V c ¼150 m/min and that obtained using HPWJAT at the same cutting parameters and P ¼80 MPa are 3.51 and 2.91, respectively. Also, the depth A 2 affected by hardening varies from 60 to 80 mm (at V c ¼150 m/min). Hence, it can be concluded that high jet pressure does not greatly influence the depth of zone A 2 as can be seen in Table 4 . On the other hand, the mean X-ray diffraction peak width follows the cutting speed variation on the surface.
Surface roughness and tool wear
Surface roughness
For a description of the surface quality after turning, it is common to select the surface roughness. For all tests, the roughness of the machined surface has been analysed through the R a (arithmetic average), R z and the R max factors. Fig. 14 shows different values of the surface roughness obtained in the case of dry and HPWJA turning at the cutting speed of 150 m/min and a feed rate of 0.1 mm/rev. It was observed that the introduction of the high jet pressure does not significantly influence the surface roughness values. Thus the value of the R a was seen to vary from 0.95 mm in the case of dry turning to 0.85 mm using HPWJAT at 80 MPa.
The study of the effect of jet pressure on the surface roughness has been carried out for different jet pressures (20, 50 and 80 MPa). It was observed that when the jet pressure is increased from 20 to 80 MPa, the surface roughness values tend to decrease but this variation does not pronounce (see Fig. 14) . About these results, it can be concluded that the HPWJAT does not modify significantly the surface roughness values.
The surface roughness is mainly associated to the feed rate and the cutting tool geometry (in this study, the feed rate is constant a p ¼0.1 mm/rev); on contrary the residual stresses are principally associated to the cutting forces and the heat gradients on the machined extreme surface workpiece. The high pressure assistance comes mainly to À apply a mechanical action on the chip, thus inducing its fragmentation; À reduce the cutting forces [18] and contribute to decrease the tool-workpiece friction and the heat gradient induced by the cutting operation, which represents a direct consequence of the residual stresses on the extreme surface and À decrease the tool wear, which has a light effect on the surface roughness compared to the influence on the cutting forces and the cutting heat.
After turning, the worn out of the insert was examined (see Fig. 15 ). In the case of dry turning at the cutting speed of 150 m/min and feed rate of 0.1 mm/rev, abrasive scratch marks appeared on the flank with the presence of adhesive chip. There have been some indications of tool degradation. For the same parameters when using HPWJAT, less degradation was observed on the rake face of the tool and there is no presence of adhesive chip. In this study, the results show that using a high-pressure jet directed into the tool-chip interface, it is clearly possible to eliminate the adhesive chip, which has a tendency to improve the tool life.
Conclusions
This paper has presented the influence of a high-pressure water jet directed into the tool-chip interface on residual stress and chip breakage shapes for face turning of AISI 316L austenitic stainless steels using a standard tool.
Contrary to a great number of previous studies relating to machining, this work is original in the sense that we look at the turning of austenitic stainless steel with a tool not meant for the machining of this steel, using High-Pressure Water Jet Assisted Turning. The aim is to obtain a bad machining (which produces a long chip and tensile residual stresses) and to improve it. The high-pressure jet is directed with precision so as to act as hydraulic corners, which tend to fragment a chip.
We concluded that the introduction of a high-pressure water jet into the tool-chip interface is a very satisfactory method for machining this material and the jet parameters have a strong influence on the surface residual stresses and chip shapes.
The experimental results show that using a high-pressure jet directed into the tool-chip interface, it is possible to create good chips and to control the chip fragmentation shapes, compared to dry turning. Fragmentation becomes possible with a tool not meant for machining the austenitic stainless steel. It is concluded that the surface residual stresses can be reduced by introduction of a high-pressure water jet. A reduction in the surface longitudinal residual stresses s xx value (highly tensile) by about 20-40% was observed when using HPWJAT compared to dry turning. In terms of surface roughness it was observed that the HPWJAT does not greatly influence the surface roughness values but it is possible to decrease the tool wear. Also, it has been observed that the jet pressure has little influence on the depths affected by tensile residual stress and by hardening. The HPWJAT can be a solution at the problems of materials machining, like Inconel, titanium or austenitic stainless steel, which tend to work hardening during the cutting operation and to form long chips favourable to deteriorate the machined surface and cutting tool.
